Predissociative resonances of OH-Ar are computed up to 300 cm Ϫ1 above the ArϩOH ͑A 2 ⌺ ϩ , vϭ0, jϭ0͒ asymptote for total ͑rotational͒ angular momentum states Jр10. The energies, lifetimes, and OH A 2 ⌺ ϩ product rotational distributions of the predissociative resonances are calculated using a numerical method based on the ''energy independent integral'' finite range scattering wave function ͑FRSW͒ ͓J. Chem. Phys. 99, 1057 ͑1993͔͒. The FRSW method involves evaluation of the scattering matrix and its energy derivative, both of which are only parametrically dependent on energy. The energy independent matrices are determined from the discrete eigenvectors of the L 2 Hamiltonian matrix H, which is obtained in discrete variable representation, and an exact ͑analytical͒ eigenfunction of the asymptotic Hamiltonian operator Ĥ 0 . Many long-lived ͑Ͼ1 ps͒ resonances are identified for OH-Ar in Jϭ3 with projections of J onto the intermolecular axis of Kϭ0 -3. The resonances are characterized with approximate bend and stretch quantum numbers based on the nodal structure of the wave functions. The predissociative states decay by Coriolis coupling to a lower K state and/or through mixing of OH rotor levels induced by the anisotropy of the interaction potential. States that predissociate by Coriolis coupling are identified by their J-dependent lifetimes and the OH product rotational levels accessed. The influence of potential anisotropy on the predissociative resonances is explored by changing the average intermolecular bond length and degree of intermolecular bending excitation. A comparison of the theoretically calculated resonances with those observed experimentally provides a guide for refinement of the adjusted semiempirical potential energy surface ͓J. Chem. Phys. 98, 9320 ͑1993͔͒ used in the computations.
I. INTRODUCTION
High-resolution spectroscopic studies of van der Waals complexes have proven to be a powerful source of information on the intermolecular interaction potentials for a large number of atom-diatom systems. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The anisotropy of the interaction, especially in the region of the potential well, has been extensively investigated using spectroscopic data on intermolecular bending vibrations derived from excited diatomic rotor states. Experimental studies on progressions of intermolecular stretches have also provided information on the interaction potential as a function of the intermolecular bond length. The short-range repulsive interaction between partners can be probed in a sensitive way from experimental and theoretical studies on the dynamics of predissociative states. 1, 4, [12] [13] [14] [15] [16] [17] True state-to-state scattering experiments can also provide global information on the interaction potential, but not at the same level of detail as the spectroscopic studies.
A weakly bound complex, such as OH-Ar, prepared in a quasibound level lying above the dissociation limit may predissociate through one of two processes. 4, 12, 13, 18 Direct rotational predissociation may occur via tunneling through the effective potential energy barrier arising from the centrifugal force. Since the centrifugal barrier increases with total angular momentum, this particular mechanism becomes significant for high total angular momentum states. These predissociative levels are termed shape resonances. The more prevalent mechanism for atom-diatom van der Waals complexes is internal rotational predissociation. Here, excess internal rotational energy of the diatom is converted into the translational energy of the separating partners. Quasibound levels undergoing predissociation by this mechanism are called Feshbach resonances. In many systems, the anisotropy of intermolecular interaction potential controls the rate of energy transfer in the internal rotational predissociation process.
Several numerical methods have been utilized to investigate molecular resonance states. [19] [20] [21] [22] [23] [24] In this work, we employ the finite range scattering wave function ͑FRSW͒ method which has been recently developed by Jang and Light. 25 The energy independent integral FRSW method is based on an L 2 basis set and has the advantage of evaluating multiple resonances simultaneously within a single diagonalization of the Hamiltonian matrices. The FRSW method can be used to compute the resonance parameters of predissociative levels, including the energy, lifetime, and product state distribution, with high accuracy and numerical efficiency. The effectiveness of this method has been previously demonstrated for ArHCl. 26 In this paper, we have applied the FRSW method to study the dynamics of predissociative states which lie above the ArϩOH ͑A 2 ⌺ ϩ ; vϭ0͒ dissociation limit. Recently, OH-Ar (A 2 ⌺ ϩ ) resonance features have been experimentally observed extending up to 300 cm Ϫ1 above this asymptote. 14, 16, 17 The remainder of this paper is organized as follows. Section II contains a detailed description of the FRSW method. The Hamiltonian is given in a body-fixed reference frame within the rigid-rotor-atom approximation. 26 The coupling of electron spin angular momentum has been omitted in this work. Results of the computations are presented in Sec. III. The energies, lifetimes, assignments, and OH ͑A 2 ⌺ ϩ ; vϭ0, j͒ product state distributions are calculated for OH-Ar predissociative states with Jϭ0, 1, 2, 3, 5, and 10. Convergence studies for various computational parameters are also carried out. The characteristics of the OH-Ar resonances are examined as a function of the degree of intermolecular stretch and internal OH rotational excitation. Section IV contains a general discussion of our results. The change in lifetime with J is used to identify predissociative states that decay by Coriolis coupling as well as states lying near the dissociation limit whose dissociation dynamics are influenced by the presence of a centrifugal barrier. The effects of Coriolis coupling and potential anisotropy on the OH product state distributions are also evaluated. These studies elucidate the mechanism͑s͒ for internal rotational predissociation of OHAr. Finally, the calculated resonances are compared with experimental measurements of OH-Ar predissociative levels.
II. NUMERICAL METHOD
Brief descriptions of the general theory and the numerical procedures for determining resonances over a wide range of energies are presented in three parts: First, the Hamiltonian operator Ĥ is written and evaluated in the L 2 basis of the discrete variable representation ͑DVR͒. The H matrix is diagonalized to obtain discrete eigenvectors, ͕͉m͖͘, and their eigenenergies, ͕E m ͖, based on the successive diagonalization/truncation ͑SDT͒ method. The asymptotic Hamiltonian operator Ĥ 0 is defined, and its eigenfunctions are given in an analytical form which is a product of the Riccati-Hankel function and the asymptotic rotational function. 27 Second, the ''unnormalized FRSW'' is constructed from ͕͉m͖͘ and the auxiliary translational functions.
The scattering wave functions are then expanded in terms of the unnormalized FRSW. The scattering matrix S and its energy derivative dS/dE are evaluated from several energy independent integral matrices which are only parametrically dependent on E. Finally, the lifetime matrix Q is constructed from S and dS/dE, in order to study the dynamics of predissociative states. The resonance energy, lifetime ͑total width͒, and product state distribution ͑partial widths͒ of a predissociative state are determined from the trace of Q and dQ/dE.
A. Hamiltonian
In a body-fixed reference frame the total rotationvibration Hamiltonian operator Ĥ of an atom-diatom van der Waals system is written
in terms of the ''mass-weighted'' Jacobi coordinates (R,r,) and the total angular momentum representation for which the volume element is defined as dR dr sin d d. 28 Here, dϵd sin d d␥ and ͑,,␥͒ are the Euler angles that define the body-fixed frame. V is the interaction potential energy function. R denotes the ͑mass-weighted͒ distance between the atom and the diatomic center of mass which corresponds to the intermolecular stretch or scattering coordinate. r is the ͑mass-weighted͒ diatomic bond distance. ប is set to unity, and is the reduced mass of the system that is appropriate for the mass-weighted internal coordinates R and r. In OH-Ar computations where OH is modeled as a rigid rotor, r is fixed at its equilibrium value, r e . Ĵ x , Ĵ y , and Ĵ z are the x , ŷ , and ẑ components of the total angular momentum vector J, respectively. (x,y,z) represents the body-fixed axes, and the Euler angle denotes the polar angle between ẑ and the spaced-fixed Ẑ axis. OH-Ar lies in the x ẑ plane. In this work, the effect of electron spin angular momentum has been neglected. Furthermore, J has been used to denote the total angular momentum without spin.
The H matrix is evaluated in the direct product basis which consists of appropriate DVR ͑L 2 ͒ basis functions for the internal coordinates (R,) and the parity adapted normalized rotation functions ͕C KM Jp (␥)͖. 28 The DVR transformed Sturmian functions ͕S ␣ (q) (R)͖ and associated Legendre polynomials ͕⍜ ␤ l ()͖ are used as the bases for the internal coordinates R and , respectively. The discrete eigenvectors and eigenvalues of the DVR H matrix are determined using the successive diagonalization/truncation ͑SDT͒ technique. 28, 29 The mth eigenvector of H in a parity state p may be written explicitly as
and has an energy, E m . K and M are the projection quantum numbers for J onto the R and Ẑ axes, respectively. Within the model of a rigid-rotor-atom scattering system, the Ĥ operator may be partitioned into the asymptotic Hamiltonian Ĥ 0 and the interaction potential V :
For a given J an exact analytical eigenfunction, ⌿ JM jl ⍜ , of Ĥ 0 may be written as
in which iϭ1 or 2, and
j and l are the rotational and orbital angular momenta of OH as a rigid rotor, respectively. In Eq. ͑4͒, ĥ l (1) (k j R) is the Riccati-Hankel function corresponding to the outgoing free radial wave function with proper behavior as R→ϱ, while ĥ l (2) (k j R) is its complex conjugate corresponding to the incoming wave. 27 The asymptotic rotational function Y jl JM in the ( j,l)th channel is defined in terms of the spherical harmonics ͕Y j⌳ ͖ and the Wigner rotation functions ͕D ⌳M J ͖.
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is the Clebsch-Gordan coefficient. The superscript JM will be omitted on ⌿ jl ⍜ and Y jl in further usage of these terms.
B. FRSW method
The resonance parameters of the OH-Ar ͑A 2 ⌺ ϩ ; vϭ0͒ predissociative states are computed based on the FRSW method. The scattering matrix S and the energy differentiated scattering matrix dS/dE are evaluated using the energy independent integral FRSW method, which involves a full L 2 basis scattering calculation. This method requires a set of discrete eigenvectors and eigenenergies determined from a single diagonalization of the H matrix. The regular boundary condition for FRSW is imposed by placing the origin of the auxiliary translational function at the inner boundary of the L 2 basis functions. No additional integrals, beside those used in S calculations, are involved in computing the resonance parameters for predissociative levels over a wide energy range. Furthermore, the dS/dE matrix is obtained without having to numerically differentiate. 25, 26 According to the definition of Ĥ 0 , the scattering wave functions ͕⌿ jl ͖ must correlate to the eigenfunctions of Ĥ 0 in the asymptotic limit. Namely, as R→ϱ,
in which the asymptotic eigenfunctions are flux normalized. Alternatively, a finite range scattering wave function with N 0 open channels may be expanded in terms of N 0 linearly independent real functions; namely,
where ͕c jl, j Ј l Ј ͖ are expansion coefficients, and ͕⌽ j Ј l Ј ͖ are the finite range ''unnormalized FRSW,'' which may be constructed from the N d real regular eigenfunction of H:
in which a product function of f (R) and Y jl is chosen as the auxiliary function. f (R), which has its origin at the inner boundary of the scattering coordinate, is the linear translational function and permits ⌿ jl to satisfy proper boundary conditions. Y jl is the asymptotic, rotational eigenfunctions of the rigid rotor with ( j,l) rotational and orbital angular momenta, respectively. ͉m͘ and E m are the discrete eigenvectors and eigenvalues obtained by the diagonalization of the L 2 H matrix. A system of linear equations for S and c is obtained by equating Eqs. ͑6͒ and ͑7͒ and projecting out the Y jl components. The matrices may be evaluated at a given RϭR ␣ , in which R ␣ is a DVR point in the asymptotic region:
where W is the matrix element for the integral of the inner
is a diagonal matrix of the outgoing Riccati-Hankel function evaluated at RϭR ␣ . The W matrix may be decomposed further into several energy independent integral matrices evaluated in DVR:
where E is the scattering energy, I is an identity matrix, and E is a diagonal matrix of discrete eigenvalues of the H matrix. The other terms in Eq. ͑10͒ are defined as follows:
and
Here, ͕a ␣␤K m ͖ are the DVR coefficients of ͉m͘. T is the transformation matrix from a finite basis representation ͑FBR͒ to DVR for the associated Legendre polynomials. ͕R ␣ ͖ and ͕ ␤ K ͖ are the DVR points for the respective internal coordinates, and ␣ denotes the Gaussian quadrature weight at R ␣ . The energy derivative of the W matrix can also be written in terms of the energy independent matrices defined by Eq. ͑10͒:
By evaluating W at two different DVR points, R 1 and R 2 , in the asymptotic region, S and dS/dE may be determined:
͑15͒
C. Lifetime matrix
The resonance parameters, such as resonance energies, lifetimes, and product state distributions, are determined from the energy dependence of the lifetime matrix Q. 32 It is defined as
in which S Ϫ1 ϭS* has been used in the FRSW calculations. Following the general Breit-Wigner formula for a resonance with an isolated simple pole, the Q-matrix parametrization 24 is
a denotes an open ͑product͒ channel, and E R , ⌫, and ⌫ a denote the energy, total width, and partial width of a resonance, respectively. a is a real phase factor and Q 0 is a background contribution which is approximately constant over a resonance. The Q matrix is Hermitian, and its trace ͑or the sum of its eigenvalues͒ is related to the lifetime of a resonance state when EϭE R . The eigenvalues are related to the probabilities of decaying into different open product channels. We have defined isolated resonance states as those states which have an energy width smaller than the energy gap between neighboring resonance states. In order to locate the presence of a resonance state roughly without having to evaluate the Q matrix repeatedly at small energy increments over the entire energy range of interest, a search algorithm has been developed which makes use of the discrete eigenvalues evaluated from the L 2 H matrix. Since in perturbative sense the predissociative levels originate from bound states of a zeroth-order Hamiltonian, discrete eigenvalues of the Hamiltonian provide a good first guess from which to conduct a finer search for resonances. Once a resonance is located, its partial and total widths may be determined; specifically,
where E R denotes an energy at which the computed Tr Q has a local maximum. The aa subscript represents the open channel ''a,'' corresponding to a specific ͑diatomic͒ product angular momentum state j and the orbital angular momentum l. The calculated Tr Q(E R ), however, exhibits a damped oscillation as a function of the assumed asymptotic position at which Q is evaluated. 25, 26 Tr Q(E R ) is found to oscillate about a constant value which is the true asymptotic lifetime. This phenomenological behavior is a direct consequence of imposing asymptotic behavior where the interaction potential is still finite. In order to overcome this numerical problem, Q is averaged over two or three periods of the Tr Q oscillations. The most accurate resonance lifetime is obtained by taking an average between the maximum and the minimum of the averaged Q, in order to subdue small amplitude oscillations of the averaged Q itself. The lifetimes and product state distributions of predissociative states presented in Sec. III of this paper are the double averaged values of Tr Q and ͕⌫ a ͖.
III. RESULTS
In this section, we present the details of the computational results. The discrete energies and their eigenfunctions are evaluated from the L 2 calculations using the DVR in conjunction with SDT. 28, 29 Approximate quantum numbers are defined and assigned for the bound states as well as the predissociative resonances. The effect of the anisotropy of the OH-Ar (A 2 ⌺ ϩ ) interaction potential is discussed in terms of the angular characteristics of the wave functions for states with different degrees of excitation in intermolecular bends and stretches. The resonance parameters of predissociative states up to 300 cm Ϫ1 above the dissociative limit are computed using the 'energy independent integral' FRSW method 25 and Smith's lifetime matrix. 32 Convergence tests of the computational parameters in the FRSW method are carried out and discussed. Finally, the predissociation dynamics of long-lived ͑Ͼ1 ps͒ resonances are studied in terms of J dependence of lifetimes, effect of Coriolis coupling, as well as the role of interaction anisotropy. The energies, lifetimes, assignments, and OH ͑A 2 ⌺ ϩ ; vϭ0, jϭ0͒ product state distributions are presented for predissociative states with Jр10.
A. L 2 calculations
Finite range L 2 calculations of the H matrix have been carried out for the ArϩOH ͑A 2 ⌺ ϩ ; vϭ0͒ system within the approximation of an atom-rigid-rotor model. The H matrix is evaluated in the discrete variable representation ͑DVR͒, and its eigenvalues and eigenvectors are determined using the successive diagonalization/truncation ͑SDT͒ technique. 28, 29 Sturmian functions and the associated Legendre polynomials are selected as bases for the intermolecular stretching ͑scattering͒ and bending coordinates, respectively. 28 Sturmian functions are chosen for the radial basis because they are computationally more efficient for floppy systems than any other orthogonal basis. In an L 2 calculation of OH-Ar (A 2 ⌺ ϩ ), at least twice as many sine functions would be required to yield a comparable convergence. However, Sturmian functions yield less accurate results for resonance energies and lifetimes than sine functions or Lobatto shape functions. 26 With only a small sacrifice of accuracy in results, a tremendous gain in computational efficiency is obtained by using Sturmian functions which is crucial in order to carry out calculations for high total angular momentum states as well as for highly excited intermolecular states. The molecular and physical constants that are used in our computations are tabulated in Table I .
An adjusted semiempirical potential energy surface ͑PES͒ for ArϩOH ͑A 2 ⌺ ϩ ; vϭ0͒ has been used for the computations. 33 The potential parameters are also included in Table I . The interaction potential has an absolute minimum at Rϭ2.799 Å and ϭ0°͑corresponding to the O-H-Ar linear configuration͒ with the well depth D e of Ϫ1061.6 cm
Ϫ1
. This PES also has a secondary minimum at Rϭ2.171 Å and ϭ180°. The well depth at the linear Ar-O-H configuration is Ϫ938.6 cm
. A contour plot of the adjusted semiempirical PES is shown in Fig. 1 . The contours are drawn at 100 cm Ϫ1 increments from Ϫ1000 to Ϫ100 cm Ϫ1 and at Ϫ50 and Ϫ25 cm
. The zero of energy is set at the ArϩOH ͑A 2 ⌺ ϩ ; vϭ0, jϭ0͒ asymptotic limit. Because of the deep wells, which are unusual for an atom-diatom van der Waals systems, a large basis is required for the scattering coordinate. Table II contains the energies, level assignments, rotational constants, and the average bond lengths R and angles for all the rovibrational states that are supported by the adjusted semiempirical PES. Some of the bound states have been reported earlier by Lester et al. 33 in which a slightly different labeling scheme was used. In addition, the energies, wave functions, and assignments for some of the bound states supported by the semiempirical PES originally proposed by Bowman et al. 34, 35 have been reported previously for Jϭ0 and 1. In this work, calculations of the bound states are carried out for Jϭ0, 1, and 2 in order to include all possible K levels that may be bound. K is the projection of the total angular momentum excluding spin onto the intermolecular axis (R ). The energies, including those of highly excited stretching states, are fully converged to 0.0001 cm
, and are listed in Table II assigned K state. In order to assign K, the probability density function of an eigenstate ͗m͉m͘ is integrated over all space and decomposed in terms of K; namely
͑21͒
͉m͘ is assigned to the K state for which ͉a ␣␤K m ͉ 2 is the largest. The analysis of eigenfunctions up to Jϭ10 indicates that Coriolis coupling ͑and/or asymmetric-top coupling͒ is extremely weak in the bound states. This makes K an extremely good quantum number. Every state is predominantly composed ͑ϳ99%͒ of a single K. The bending and stretching quantum numbers b and s, respectively, are assigned according to their nodal structures. Exceptions to this assignment scheme are discussed below. The progressions in s can also be inferred from the average bond lengths R or the OH-Ar rotational constants B.
An energy level diagram of the bound states is presented in Fig. 2 . The levels are arranged according to their (K b) assignments. Progressions in the intermolecular stretch s are shown for each (K b) level. Since the OH-Ar (A 2 ⌺ ϩ ) interaction potential is strongly anisotropic about the O-H-Ar linear equilibrium geometry, the energy level pattern for the angular states (K b) follows that of a typical semirigid linear molecule. 36 For Kϭ0 states with low stretching excitation, the lowest bending state which is localized about ϭ180°is assigned as bϭ1. The first excited bending state with amplitude localized within 0°ϽϽ90°is assigned as bϭ2, consistent with the semirigid linear model. For the adjusted semiempirical PES, the (K b)ϭ(0 1) states have higher energies than ͑0 2͒ states for sр2.
The intermolecular interaction becomes weaker as R becomes large. Further, the effective anisotropy of the interaction potential becomes weaker with increasing R and, therefore, for excited stretching states. As a result, the amplitude of the wave function becomes more delocalized over the angular coordinate as the stretching excitation increases for a given (K b). The probability amplitude also becomes more delocalized in angle as a function of b for a given K due to the decrease in interaction anisotropy with increasing b. Unlike the Kϭ0 states, the energy level pattern and angular nodal structure of bending states with KϾ0 are characteristic of the assigned b. In higher K states the interaction anisotropy is diminished due to the effective potential term arising from the centrifugal energy. As a result, the KϾ0 states display much more delocalized amplitudes in the bending coordinate.
B. FRSW computational results
The resonance parameters for predissociative states which lie above the ArϩOH ͑A 2 ⌺ ϩ ; vϭ0, jϭ0͒ asymptotic limit have been evaluated using the energy independent integral FRSW method. Convergence of the energies, for both bound and predissociative states, has been tested as a function of the outer boundary of the scattering coordinate R f for a fixed basis size N R ϭ100. These results are presented in Table III A for R f varying from 9.0 to 12.0 Å with N ϭ15. The ninth excited intermolecular stretching level of the bound states at EϭϪ4.7597 cm Ϫ1 is converged to better than 0.0001 cm Ϫ1 accuracy. Most of the predissociative states with lifetimes longer than 1 ps are not as highly excited in the intermolecular stretching coordinate as this bound state. The convergence errors in the energies of predissociative states are, for the most part, less than onehundredth of the resonance widths. The last column of Table  III A shows the energies and lifetimes computed with N ϭ13, for which the errors are still within the resonance width for a given state. The sensitivity of the resonance energies and widths are also tested as a function of asymptotic position, R asym , and the results are presented in Table III B. The accuracies of the computed resonance parameters depend on several factors. The accuracy of the L 2 portion of the scattering calculation is controlled by the evaluation and the diagonalization of the H matrix. The finite sizes of the basis sets and finite coordinate ranges introduces some degree of uncertainty in the energies of the predissociative states. Since the FRSW method uses the discrete energies and eigenvectors obtained from the L 2 bound-type calculation, this is a major source of uncertainty in energy positions for those predissociative states with lifetimes longer than 1 s. In addition, the SDT scheme introduces some error in the discrete eigenvectors of the H matrix. 26 The error propagates to give uncertainty in the computed Q matrix, and it increases as R asym , an assumed asymptotic position at which Q is evaluated, approaches the outer boundary of the intermolecular coordinate R f , defined for the L 2 calculations. An- other source of numerical error in computing resonance parameters derives from the assumption that the interaction potential is negligible at R asym . In computations R asym is bound by R f , and R f is limited by the desired numerical accuracies with the given basis sizes.
The position at which the Q matrix can be evaluated most accurately depends on three factors. First, the spacings between the DVR points must be small enough to accommodate the translational energies of all the open channels. This demands an increasingly large basis size for a given coordinate range as the energies of the predissociative states of interest increases. Second, the R asym position must be clearly removed from the interaction range toward the outer boundary of the scattering coordinate in order to observe the asymptotic behavior properly. The spacings between two adjacent DVR points increase as R f is approached, and the uncertainties in the L 2 eigenvectors of Ĥ also become larger around R f due to the SDT approximation. Therefore, third, R asym should not be too close to R f . In order to obtain the most accurate Tr Q, an R asym must be chosen which best accommodates all factors giving rise to uncertainties in Q.
As discussed in Ref. 26 , the Tr Q of a resonance level is expected to show a phenomenological damping oscillation with a definite frequency as a function of R asym . This oscillation arises from the assumption that asymptotic behavior has been reached at R asym when, in fact, the interaction still persists. The frequency of oscillation is half of that of the lowest translational energy channel available to the level. Figure 3 presents a typical oscillation pattern of Tr Q as a function of R asym using the Sturmian functions for the basis of the scattering coordinate with the origin defined at R i ϭ1.9 Å. In this figure, the Tr Q of the predissociative state at E R ϭ61.2 cm Ϫ1 assigned to (K b)ϭ(0 2) with sϭ4 is illustrated; this state is computed to have an average lifetime of 7.4 ps. The Tr Q calculated using sine functions, instead of Sturmians, is overlapped in the figure. Both functions yield oscillations in Tr Q about the same average lifetime. The oscillations do not show the regular frequency pattern expected. 26 Damping oscillations with a definite frequency are observed when the origin of the scattering coordinate is moved out to R i ϭ2.6 Å, however, the computed energy and average lifetime of the state are affected.
The irregular pattern of oscillations shown in Fig. 3 may be attributed to contributions from the auxillary translational functions f (R), which become too large within the interaction region when R i ϭ1.9 Å. This is much smaller than the equilibrium separation distance of R eq ϭ2.80 Å in the linear O-H-Ar configuration. The presence of a secondary minimum at Rϭ2.2 Å and ϭ180°, however, requires that R i must be set to RϽ2.2 Å for proper convergence of all the bound and predissociative states. Since f (R) is a linearly increasing function with R, its contribution in the interaction region around ϭ0°becomes too large. This problem could possibly be eliminated by defining f (R) as a function of . Since Fig. 3 shows that Tr Q oscillates about a constant lifetime within a finite range of R asym , the resonance lifetimes may still be accurately estimated by averaging Tr Q over a few periods of the oscillation. We have found that averaging over two periods is adequate to obtain converged lifetimes.
C. Resonance parameters of OH-Ar
The resonance energies, lifetimes, assignments, and OH ͑A 2 ⌺ ϩ ; vϭ0, j͒ product state distributions for OH-Ar predissociative states of both parities with Jϭ3 are presented in Table IV . Predissociative states with Kϭ0 -3 are identified up to 300 cm Ϫ1 above the ArϩOH ͑A 2 ⌺ ϩ ; vϭ0, jϭ0͒ asymptotic limit. These are the only K states accessible experimentally upon electronic excitation of OH-Ar from its lowest intermolecular level in the X 2 ⌸ state. 16 The horizontal spacings lines in Table IV indicate the thresholds for production of OH in various rotor states. Conservation of parity during predissociation dictates that states with parity (Jϩp) ϭodd are truly bound up to the jϭ1 asymptote at 33.942 cm Ϫ1 which is the lowest available dissociation channel with odd parity. The energies are given to 0.01 cm Ϫ1 accuracy for those predissociative states whose lifetimes are longer than 30 ps. Otherwise, they are reported to the uncertainty defined by their resonance widths. K assignments are based on Eq. ͑21͒; b and s quantum numbers are assigned by examining the nodal structure of the wave functions.
An energy level diagram of the OH-Ar ͑A 2 ⌺ ϩ ; vϭ0͒ predissociative states is shown in Fig. 4 . The levels are arranged according to their K assignments. Predissociative states with sϭ0 are highlighted in boldface to illustrate the energy level pattern of the angular states (K b). With increasing energy above the OH A 2 ⌺ ϩ ϩAr dissociation limit, the OH-Ar angular states (K b) evolve towards the energy level pattern of a hindered OH rotor. In a free rotor limit, all K levels derived from a given OH rotor level j would be degenerate. In the weak anisotropy limit, the OH rotational motion is hindered to a small extent by the presence of the Ar atom in its vicinity. This causes each OH j state to be split apart into ( jϩ1) OH-Ar angular states with Kϭ0, 1,..., j. 36 The energy spread across the K states reflects the anisotropy of the potential. Further, b is directly related to j according to bϭ jϪK in this limit. The (K b)ϭ(3 0), ͑2 1͒, ͑1 2͒, and ͑0 3͒ states which correlate asymptotically with jϭ3 and the (K b)ϭ(3 1), ͑2 2͒, ͑1 3͒, and ͑0 4͒ states derived from jϭ4 clearly exhibit the energy level pattern of the low anisotropy limit. The energy spread across the (K b) states correlating with a given j decreases with increasing j, illustrating the decrease in the ArϩOH A 2 ⌺ ϩ potential anisotropy with OH rotational excitation. The energy splitting across the (K b) states derived from a given j decreases with increasing stretching excitation s due to the decrease in potential anisotropy with increasing R. This trend can be seen in Table IV for the (K b)ϭ(0 2), ͑1 1͒, and ͑2 0͒ states with sу3.
The characteristics of the angular states correlating with the OH jϭ3 level can be examined in more detail through contour plots of their probabilities densities as shown in Fig.  5 for the (K b)ϭ(3 0), ͑2 1͒, ͑1 2͒, and ͑0 3͒ states with sϭ3. The wave functions are obtained from the finite range L 2 calculations. The probability density distributions of the predissociative levels look similar to those of bound states but have finite amplitude beyond the interaction range at large intermolecular separations (R). These four states lie within 8 cm Ϫ1 of each other for Jϭ3 and, therefore, are characteristic of the weak anisotropy limit. The contour plot of the ͑3 0͒ state exhibits three nodes in the radial coordinate arising from the three quanta of intermolecular stretching excitation. The other angular states derived from jϭ3 with sϭ3 show the same three radial nodes; additional nodal structure in the radial coordinate within the interaction region arises from mixing with nearby states having excited stretching character. The number of angular nodes ͑which defines b͒ increases from 0 to 3 as K decreases from 3 to 0, illustrating that bϭ jϪK in the low anisotropy limit. Linear O-H-Ar ͑ϭ0°͒ and H-O-Ar ͑ϭ180°͒ configurations are not accessed for the Kϭ2 and 3 states due to the centrifugal barrier which increases with K. The wave functions for the closely spaced ͑1 2͒ and ͑0 3͒ states at 190 and 192.1 cm
Ϫ1
are delocalized over all angles, approaching the free rotor limit.
The OH A 2 ⌺ ϩ product rotational state distributions are given in Table IV for (Jϩ p)ϭeven parity states. The (Jϩp) ϭodd parity states yield similar product state distributions except that the jϭ0 channel is not available. The product state distributions are resolved into j only; for each j, all possible l channels have been summed. Spin-rotation coupling is neglected in these calculations. Over the energy range investigated ͑up to 300 cm Ϫ1 ͒, it is assumed that OH is a rigid rotor and the effect of OH vibrational motion on the the corresponding levels with lower J's. For Jϭ10, a higher centrifugal barrier appears in the effective potential, and predissociation of these states now must proceed by tunneling through the centrifugal barrier. The predissociative levels of Kϭ2 or 3 have much shorter lifetimes with Jϭ10 as the result of the increase in Coriolis coupling whose magnitude is roughly proportional to J.
IV. DISCUSSION
The predissociative states may be classified either as Feshbach resonances ͑internal rotational predissociation͒ or as shape resonances ͑direct rotational predissociation͒. The Feshbach resonances are quasibound states that are localized within the well region of either a K adiabat or a j adiabat. Those states bound within a K adiabat become predissociative as a result of Coriolis and/or asymmetric-top couplings with continuum states of a lower K state. The decay of a state bound within an excited j adiabat, on the other hand, is induced by the anisotropy of the interaction potential. In contrast, the shape resonances are otherwise scattering states which are trapped by the ''centrifugal barrier.'' This is prevalent in high J states for which the barriers are high enough to impede the rate of the tunneling through the barrier.
The majority of resonances listed in Tables IV and V for OH-Ar ͑A 2 ⌺ ϩ ; vϭ0͒ are Feshbach resonances and undergo internal rotational predissociation. For these levels, the dissociation mechanism involves zeroth-order bound states within a K adiabat or j adiabat coupling to pure scattering states of lower K or j. Therefore, the rate determining step for predissociation may be due to Coriolis/asymmetric-top couplings or the potential anisotropy. ͑Both Coriolis and asymmetric-top couplings contribute to mixing of K's that differ by Ϯ1, and as both are off-diagonal in K our computational results reflect their combined effect. Hereafter, these off-diagonal terms in K are collectively referred to as Coriolis coupling.͒ One possible means to determine the dominant pathway for dissociation is suggested by the product state distribution. The absence of low rotational levels ͑which are energetically open͒ in the product distribution as well as the highest j populated can prescribe the most plausible K adiabat on which dissociation may have occurred. Since jуK, the highest j establishes an upper limit on K, and the lowest j provides a lower limit for K. The K range determined from the product state distribution is then compared with the initial K assignment for that predissociative state as determined from Eq. ͑21͒. If K does not change in the dissociation process, the resonance lifetime will be a reflection of the potential anisotropy. On the other hand, if K differs by Ϯ1 or more, then Coriolis coupling is controlling the dissociation dynamics.
As noted above, the effect of Coriolis coupling may also be seen in the J dependence of resonance lifetimes. The magnitude of Coriolis coupling is roughly proportional to J and direct coupling involves states whose K's differ by Ϯ1. If a predissociation channel for the given OH-Ar state becomes available only by means of coupling to lower K states, then the lifetime of the predissociative state will shorten as Coriolis coupling becomes stronger with increasing J. Table  V lists several states whose lifetimes show such J-dependent behavior. For example, the lifetimes of resonance states with (K b)ϭ(1 0), ͑2 0͒, and ͑3 0͒ gradually decrease as a function of J. Coriolis coupling may also provide a mechanism for predissociative states to become longer lived with increasing J. This is evident for the ͑0 1͒ state with sϭ3 listed in Table V . This state lies just 4.9 cm Ϫ1 above the dissociation limit and thus only the jϭ0 product channel is available. Addition of Kϭ1 character via Coriolis coupling with Kϭ1 states, for which the lowest open channel is jϭ1, reduces the Kϭ0 scattering component of the predissociative state, and therefore increases the lifetime of this ͑0 1͒ state.
In all cases, the highest energetically available product rotation channel is accessed in the predissociation dynamics ͑see Table IV͒ , consistent with an energy gap relationship. [37] [38] [39] Energetics, however, is only one of the factors that determine the OH product state distribution. If dissociation of OH-Ar is induced purely by the potential anisotropy, a predissociative state with a specific K assignment will give rise to OH products in rotational states with jуK. On the other hand, if jуK rotational states are not energetically open product channels, then Coriolis coupling is required to access lower K adiabats and, in turn, lower j levels which are open product channels.
The product state distributions from (K b)ϭ(0 2) states with (Jϩ p)ϭeven exhibit an interesting trend with s ͑see Table IV͒ . As s increases from 3 to 6 over the energy range spanned between the jϭ1 and jϭ2 asymptotes, the probability of decaying into the jϭ0 product channel increases from 18% to 71%, while that of the other open channel, jϭ1, decreases from 82% to 29%. A similar pattern is evident in the product state distributions for ͑0 4͒ states which lie above the jϭ3 asymptote. The probabilities of decaying into jϭ0 and jϭ2 increase from 6% to 31% and 24% to 41%, respectively, as s increases from 0 to 2. The probabilities for giving rise to the jϭ1 and jϭ3 products, on the other hand, diminish with s. For (K b)ϭ(1 2) states, a similar trend is found with the probability of decaying into the jϭ1 channel increasing as s goes from 2 to 4.
These trends in the product rotational distributions with s can be understood in terms of the associated change in the potential anisotropy with s or R. The potential anisotropy will decrease as s or R increases, eventually reaching the weak anistropy limit in which each predissociative level is derived from a single OH rotor state j, with jϭbϩK. The overall parity of a OH-Ar state must be conserved throughout the dissociation event and is determined by j and l in the asymptotic limit. Note, however, that even and odd j levels of OH A 2 ⌺ ϩ have different parities. In the limit of weak anisotropy, convervation of parity during dissociation dictates that (Jϩ p)ϭeven predissociative levels derived from even j states ͑in the asymptotic limit͒ will decay to even product rotational states j ͑and predissociative levels derived from odd j states to odd product rotational states j͒. OH-Ar predissociative levels with (Jϩp)ϭodd will follow the same trend except that l will now be of the opposite sign. The degree to which the product rotational distribution exhibits a propensity for even or odd j's, therefore, is a measure of the anisotropy of the effective ArϩOH A 2 ⌺ ϩ interaction potential for each OH-Ar predissociative level.
In general, the lifetimes of even and odd parity states do not differ significantly from one another. A clear cut exception is found for the (K b)ϭ(1 2) state with sϭ0 as presented in Table VII . The two parity states show a significant difference in their lifetimes, and the difference increases as J increases. As J increases from 1 to 5, the lifetimes of the (Jϩp)ϭeven states decrease from 521 to 75 ps, while the lifetimes increase from 982 to 27.6 ns for the (Jϩp)ϭodd parity states. If predissociation of the (K b)ϭ(1 2) state with sϭ0 proceeds by decaying to a lower j ͑namely, jϭ1͒ within the Kϭ1 manifold, the lifetimes are not expected to exhibit a strong J dependence. In this case, predissociation would be induced primarily by the anisotropy of the interaction potential through j mixing. Rather, the J-dependent lifetime is characteristic of Coriolis coupling being the ratelimiting step in the predissociation dynamics. The (K b) ϭ(1 2) state with even (Jϩp) parity may couple with Kϭ0 states which readily predissociate into the open jϭ0 and jϭ1 channels. The appearance of jϭ0 and 1 products in the product state distribution for the even (Jϩp) state, as presented in Table IV for Jϭ3, confirms that the predissociation takes place on the Kϭ0 adiabat. By contrast, the ͑1 2͒ state with odd (Jϩp) parity can only Coriolis couple with Kϭ2 states, since Kϭ0 is forbidden due to parity conservation. At ϳ95 cm
Ϫ1
, however, there is no open channel into which the Kϭ2 states can dissociate. As a result, the lifetime lengthens with increasing J as Coriolis coupling to Kϭ2 becomes stronger.
So far, our discussion has focused on predissociative states which can be regarded as Feshbach resonances. As the centrifugal barrier grows larger with increasing J, the predissociative states lying immediately above the dissociation limit become long-lived. The lifetimes of these shape resonances are directly related to the rate of tunneling through the centrifugal barrier. The energies and the lifetimes of the lowest four predissociative states of Jϭ10 are presented in Table VI . The first two levels, which are bound states for Jϭ0, move above the OH ͑A 2 ⌺ ϩ ; vϭ0; jϭ0͒ϩAr asymptote for Jϭ10 due to the contribution of rotational energy.
These Jϭ10 states are now bound only by the centrifugal barrier and their predissociation lifetime depends on the height of the barrier, estimated at ϳ20 cm Ϫ1 for Jϭ10. The next two levels are predissociative for lower J states, as presented in Tables IV and V, but their lifetimes are significantly lengthened for higher J's as illustrated for Jϭ10. The centrifugal barrier provides an additional hinderance in the dissociation process for these states.
Bowman and co-workers have also calculated predissociative resonance states for OH-Ar (A 2 ⌺ ϩ ) but only for Kϭ0 and Kϭ1. 15 These calculations are based on a threedimensional semiempirical potential proposed by Schnupf et al. 40 The computed energies and lifetimes differ significantly with those obtained in the present work based on the adjusted semiempirical potential for OH ͑A 2 ⌺ ϩ ; vϭ0͒ϩAr. 33 Table  IV . In addition, the computed 15 OH product rotational distributions from OH-Ar levels which lie above the jϭ1 asymptote differ in the fractional population in each OH rotor level from that obtained in this work ͑Table IV͒. Much of the discrepancy can be accounted for by the different well depths and zero-point energies of the two semiempirical potentials. The change in the OH product rotational distribution, however, reflects differences in the anisotropy of the potentials. These comparisons illustrate the sensitivity of the predissociative resonances to the shape of the intermolecular potential energy surface.
The predissociative resonances computed based on the adjusted semiempirical potential for ArϩOH ͑A 2 ⌺ ϩ ; vϭ0͒ can also be compared with experimental measurements of the energies, lifetimes, and product state distributions of OH-Ar predissociative levels. 14, 16, 17 This comparison is a sensitive test of the intermolecular potential and provides a guide for further refinements of the ArϩOH A 2 ⌺ ϩ potential energy surface. Many long-lived predissociative levels have been observed experimentally, particularly for Kϭ2 and Kϭ3 states which lie below the jϭ2 and jϭ3 asymptotes, respectively. For example, a Kϭ3 level was observed at 126.9 cm Ϫ1 with a lifetime in excess of 50 ps ͑lower limit determined by laser resolution͒; this is consistent with the theoretical calculations which predict a lifetime for the (K b) ϭ(3 0) level with zero quanta of intermolecular stretch of 2.8 ns. In general, the theoretical calculations predict somewhat longer lifetimes, yet of comparable magnitude, than have been experimentally determined. This would suggest that the Coriolis coupling and/or potential anisotropy of the adjusted semiempirical potential is too weak.
The experimental OH A 2 ⌺ ϩ rotational product distributions 14, 16, 17 are found to exhibit the same high degree of selectivity which is predicted by the theoretical calculations ͑Table IV͒. The highest energetically available channel is always populated, yet low rotational levels are missing from many of the product rotational distributions. For example, only jϭ2 products are observed following predisso- ciation from the Kϭ3 level at 126.9 cm
, in accord with the calculations which show that predissociation from the Kϭ3 level at 136.7 cm Ϫ1 yields only jϭ2 products. The absence of products in jϭ1 or 0 indicates that dissociation occurs on the Kϭ2 adiabat after Coriolis coupling. Similarly, the absence of population in jϭ0 following predissociation from the Kϭ2 levels observed at 43.3 and 65.5 cm
is consistent with the calculated results which show that jϭ1 is exclusively populated when OH-Ar predissociates from the Kϭ2 levels at 47.5 and 71.4 cm
. Here, dissociation occurs on the Kϭ1 adiabat following Coriolis coupling with Kϭ2. When two or more product channels are populated, the highest energetically available channel is very strongly favored in the theoretical calculations, whereas the experimental results show the population spread out over the accessible product rotational channels. Again, this suggests that the anisotropy of the adjusted semiempirical potential may be too weak.
V. CONCLUSIONS
Predissociative resonances of OH-Ar (A 2 ⌺ ϩ ) have been calculated using the finite range scattering wave function method. The energies, lifetimes, and OH product rotational distributions of these Feshbach resonances have been evaluated for total angular momentum Jϭ0, 1, 2, 3, 5, and 10. Resonance states that decay by Coriolis coupling to a lower K adiabat exhibit J-dependent lifetimes and OH product rotational distributions with j greater than or equal to the final K. Other OH-Ar predissociative levels undergo internal rotational predissociation induced solely by the anisotropy of the potential which mixes OH rotor states j. The angular energy level pattern and product rotational distributions of the resonances reflect the decreasing potential anisotropy with increasing intermolecular stretch or internal OH rotational excitation. The theoretical results based on an adjusted semiempirical potential for OH ͑A 2 ⌺ ϩ ; vϭ0͒ϩAr are compared to predissociative levels observed experimentally, providing a guide for further refinements of the intermolecular potential.
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